Introduction: Pain-related fear plays a substantial role in chronic low back pain (LBP) by amplifying the experienced disability. Related dysfunctional emotions and cognitions may also affect sensory aspects of pain through a modulatory pathway in which the periaqueductal gray (PAG) and the amygdala play key roles. Objectives: We therefore hypothesized a differential amygdala-PAG functional connectivity (FC) in patients with chronic LBP that is modulated by the degree of pain-related fear. Methods: We used data of a previously reported fMRI study where 20 chronic LBP patients (7 females, mean age 5 39.35) and 20 healthy controls (12 females, mean age 5 32.10) were asked to observe video clips showing potentially harmful and neutral activities for the back. Pain-related fear was assessed using the Tampa Scale of kinesiophobia (TSK) and Fear Avoidance Beliefs questionnaires (FABQ). Generalized psychophysiological interactions were used to reveal task-based FC. Results: Compared to controls, patients exhibited a significant decrease in amygdala-PAG-FC (P 5 0.022) during observation of harmful activities, but not of neutral activities. Furthermore, amygdala-PAG-FC correlated negatively with Tampa Scale of kinesiophobia scores in patients (R 2 5 0.28, P 5 0.01) but not with Fear Avoidance Beliefs questionnaires scores. Discussion: Our findings might indicate a maladaptive psychobiological interaction in chronic LBP patients characterized by a disrupted amygdala-PAG-FC that is modulated by the degree of pain-related fear. These results shed new light on brain mechanisms underlying psychological factors that may have pronociceptive effects in chronic LBP.
Introduction
Chronic low back pain (LBP) accounts for a considerable burden in terms of pain and suffering. 2, 19, 21 Impaired endogenous pain modulation is likely one of the mechanisms contributing to the development and maintenance of chronic pain. 11, 17, 25 The neural circuit underlying emotion and pain modulation comprises 2 key structures that are highly related by sharing functional and structural connections, namely the amygdala and the periaqueductal gray (PAG). 22, 27, 33 The amygdala constitutes an important site for a reciprocal relationship between persistent pain and negative affective states such as fear and anxiety. 4, 10, 23, 24, 31 The PAG is a key region involved in pain modulation and thought to play an important role in the pathogenesis of chronic pain. 5, 14, 33 In support, it has been shown that the resting-state functional connectivity (FC) of the PAG is disrupted in chronic LBP. 33 However, evidence about modulating factors of amygdala-PAG-FC in chronic LBP is sparse. One potential factor might be pain-related fear. Pain-related fear partly predicts LBP chronification, probably via a vicious circle of cognitive dysfunctions that may ultimately lead to physical deconditioning of the musculoskeletal system. 1, 12, 29, 32 Based on the knowledge that cognitions modulate not only emotional functioning but also sensory aspects of pain perception through endogenous pain modulatory mechanisms, 20 we hypothesized that pain-related fear modulates the neural crosstalk between the amygdala and the PAG. Therefore, we used an existing data set to specifically test amygdala-PAG-FC and its relationship with the individual degree of pain-related fear in chronic LBP patients and asymptotic controls.
Methods

Subject recruitment and questionnaires
The study was approved by the Ethics Committee Zurich (Switzerland) and conducted in accordance with the Declaration of Helsinki. Subjects provided written informed consent. The current study involved 20 patients suffering from nonspecific chronic LBP and 20 healthy gender-matched and age-matched controls (HC, Table 1 ). Pain-related fear was assessed with 2 questionnaires focusing either on fear of movement/(re)injury/ kinesiophobia (Tampa Scale of Kinesiophobia questionnaire, TSK) or fear avoidance beliefs (Fear Avoidance Beliefs questionnaire, FABQ 30 ). Due to abbreviated, validated versions of the original 17-item TSK questionnaire, we additionally calculated the questionnaire scores of the 13-item and 11-item TSK versions. 6, 26 For detailed information about questionnaires, please see supplemental material (Available at http://links.lww. com/PR9/A5).
Imaging and experimental protocol
For image preprocessing and detailed description of the experimental protocol, please see supplemental material (Available at http://links.lww.com/PR9/A5). Briefly, participants viewed video clips (4 seconds) of activities potentially harmful for the back and control neutral activities in randomized order during fMRI. The activities were adapted from the electronic version of the Photograph Series of Daily Activities that has established a fear hierarchy based on patients' perceived harmfulness. 13, 16 In addition, our patients rated the clips during fMRI using a visual analog scale, confirming that potentially harmful activities were perceived as being more harmful compared to neutral activities (supplemental material, Available at http://links.lww.com/PR9/A5).
Amygdala-PAG-FC analysis
Using the same data set, we previously examined the FC of the amygdala with a whole brain analysis approach and observed that amygdala FC to the anterior insula differed between chronic LBP and controls as a function of the TSK score. 16 Here, we subject the data to a secondary region of interest analysis based on the extensive a priori evidence regarding the involvement of the amygdala and PAG in emotion and pain regulation 4, 5, 10, 14, 22 . To assess the temporal covariance between the amygdala and the PAG on the neural level, generalized psychophysiological interactions were computed. 15 We extracted the deconvolved time course across the bilateral amygdala defined on the Harvard-Oxford Cortical and Subcortical Structural Atlas (http://www.fmrib.ox.ac.uk/fsl) with a probability threshold of 50% (Fig. 1A) . The psychological terms (harmful and neutral video clips), the physiological regressors (time courses of seed region) as well as the interaction terms and the movement parameters were included in the final model. Thus, the variance explained by the interaction term is only that over and above what is explained by the main effects of task and physiological correlation. 18 Finally, the amygdala connectivity estimates (contrasts harmful activities . baseline and neutral activities . baseline) were computed for each subject using rfxplot (http://rfxplot.sourceforge.net/) with a study-independent mask of the PAG. The PAG mask consisted of bilateral 6-mm spheres each centered around the average peak location reported in a review of multimodal PAG responses including pain (left MNI xyz: 24, 2 29, 212/right MNI xyz: 4, 229, 212).
14 The resulting connectivity estimates were analyzed in SPSS (version 23) with a repeated measures ANOVA (within-subject factor "condition" [harmful and neutral] and between-subject factor "group" [patients and controls]), followed by post hoc 2-sample t tests. Condition-specific relationships between questionnaire scores and FC were tested using Pearson's correlation coefficient and statistically compared using "cocor" (http://comparingcorrelations.org/) based on a modification of Fisher's Z procedure. 3, 8 Normality of the questionnaire data was assessed by using skewness and kurtosis indices of 62. 
Results
Questionnaire scores
For questionnaire scores Table 1 . Several significant correlations between the different pain-related fear questionnaires scores were observed ( Table 2) .
Amygdala-PAG-FC
There was no significant main effects of "group" or "condition" (P's . 0.14), whereas the "group 3 condition" interaction showed a trend (F 1,38 5 3.41, P 5 0.072). Post hoc t tests indicated a significant decrease in amygdala-PAG-FC in patients compared to controls during observation of the harmful activities (patients M 5 0.14, SD 5 0. Fig. 1B]) . Furthermore, during observation of harmful activities, the strength of the amygdala-PAG-FC in patients showed significant negative correlations with the TSK scales with the 13-item version demonstrating the strongest relationship (R 2 5 0.28, P 5 0.01, Fig. 1C ). The FABQ questionnaire and its subscales did not correlate with the amygdala-PAG-FC strength (P's . 0.45). No significant relationships between amygdala-PAG-FC strength and questionnaire scores were observed during observation of neutral activities (P's . 0.28). Direct comparison of the different TSK and FABQ correlation coefficients between the harmful and neutral conditions revealed no significant differences (P's . 0.14).
Discussion
Our results might indicate a maladaptive psychobiological interaction in chronic LBP characterized by an attenuation of amygdala-PAG-FC that is modulated by the degree of painrelated fear. Besides the established role of the PAG in the modulation of nociceptive inputs, our results add further evidence to the involvement of the PAG in negative emotional processing not directly related to nociception. 9, 28 Furthermore, while we have previously shown that pain-related fear is positively correlated with amygdala activity in chronic LBP, 16 enhanced pain-related fear seems to simultaneously dampen the neural crosstalk between the amygdala and the PAG. This decreased information exchange between 2 key pain modulatory structures might ultimately tip the balance of PAG function to facilitation, ie, increased pronociception. 11 Thus, the decreased crosstalk between the amygdala and the PAG, in conjunction with increased amygdala activity, might be the neurobiological basis of how pain-related fear contributes to pain and its chronification. However, indicated by the nonsignificant interaction/correlations (see results section 3.2), it must be noted that the potentially harmful video clips might elicit other reactions than fear such as processes associated with threat and defensive responses, which might impact the specificity of the findings. Interestingly, the TSK and the FABQ seem to capture different concepts of pain-related fear reflected in the differential brain-behavior relationships. More research is needed to increase the construct validity of these commonly used questionnaires including a new elaborate framework for pain-related fear to further enhance the specificity of its neural correlates.
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